We describe a type of multilayer dielectric coating designed to enhance the intensity of evanescent waves. The coating consists of a stack of alternating high-and low-index quarter-wave layers followed by a final low-index layer whose thickness is chosen to optimize the evanescent-wave intensity. Indirect measurements of the film properties are in good agreement with theory.
Introduction
We introduce a type of multilayer dielectric coating designed to enhance the intensity of evanescent waves. Recently there has been considerable interest in the use of evanescent waves for atom optics, 1 for nonlinear optics, 2 and as sensitive optical sensors. 3 In atom optics, evanescent-wave mirrors show promise for achieving atomic Fabry-Pérot cavities. 4 To maintain the atomic coherence on reflection from the mirror, it is essential to minimize spontaneous emission. For this reason it is best to use high-intensity evanescent waves tuned far from the atomic resonance frequencies. Similarly, in nonlinear optics it is desirable that the evanescent-wave intensity be as large as possible for maximum conversion efficiency. For sensors based on detecting the index of refraction, high-intensity evanescent waves can provide increased sensitivity. In addition, the sensitivity of fluorescence detection sensors using evanescent waves can also be improved with higher intensities.
Enhanced evanescent waves have been produced by a variety of techniques. The confinement of light in optical waveguides, for example, produces highintensity evanescent waves for light that is resonantly coupled to one of the modes of the waveguide. Esslinger et al. produced enhanced evanescent waves by using surface plasmons. 5 In addition, total internal reflection inside one of the elements in a laser cavity can also create enhancement. 6 Recently, Kaiser et al. 7 demonstrated a method for coupling into an optical waveguide through optical tunneling through a dielectric gap. They demonstrated evanescent-wave intensities that were more than 100 times the intensity produced from total internal reflection 1TIR2 at a prism-air interface. This technique for creating enhanced evanescent waves has been used to reflect metastable argon atoms with incident velocities as high as 3 m@s. 8 More recently, they have demonstrated enhancement factors of more than 1000. 9 This method has the additional advantage over standard waveguide coupling that the coupling is well controlled, and therefore the intensity of the evanescent wave is well understood.
We present a new multilayer dielectric film for enhancement of evanescent waves. This film can be understood as a Fabry-Pérot cavity in which one of the two mirrors is a TIR interface. The film structure, illustrated in Fig. 1 , consists of a series of 2M 1 1 alternating high and low index of refraction quarter-wave dielectric layers plus one additional low-index layer. The thickness of this additional layer is chosen to maximize the intensity of the evanescent wave at the TIR interface. To characterize the film, we measured the relative phase shift of reflected light as a function of incident angle. We demonstrate here an enhancement factor of 100, but enhancement factors of more than 1000 should be readily attainable.
Theory
The behavior of the film can be understood with standard methods for describing the propagation of light in dielectric layers. 10 Referring to Fig. 1 , we consider TE-polarized light incident from the substrate to the film at angle u s . Similar results can easily be obtained for TM light as well. The evanes-cent wave has an imaginary propagation vector whose y component is ibv@c 5 iv@c1n s 2 sin 2 u s 2 12 1@2 , where v is the frequency of the incident light, n s is the substrate index of refraction, and c is the speed of light. We define a particular incident angle in the substrate, which we call the design angle, for which all the layers except the final one are exactly quarterwave. At this angle the fields, E x and B z , at the TIR interface are given in terms of the incident electric field E i by
is the phase shift on TIR, and f 5 2psY L @l, where s is the thickness of the last layer and l is the wavelength of the incident light. Solving Eq. 112, we find that the transmission coefficient is
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Maximization of the transmitted intensity, T ; 0t 0 2 , results when tan f 5 2Y L @b. For convenience we define an evanescent-wave enhancement factor as the ratio of the evanescent-wave intensities with and without the coating. When T is maximized, this enhancement is
where T 0 is the transmission without the coating. It is clear that T diverges as Y L = 0, i.e., as the incident angle in the prism approaches the critical angle for propagation in the low-index layers. When the incident angle differs from the design angle, the enhancement factor decreases. As a function of angle the enhancement factor has a narrow resonance shape, with the width of the resonance depending on the size of the peak enhancement factor. Larger enhancement factors lead to narrower widths.
Experiment
We chose to demonstrate the evanescent-wave buildup with the parameter M 5 2 at a propagation angle 1in the substrate2 of 50°. A commercial coating laboratory used ion-assisted electron-beam vapor deposition to coat a superpolished fused silica window with alternating layers of SiO 2 1n 5 1.452 and TiO 2 1n 5 2.32. Under these conditions the enhancement is maximized for a final layer thickness of 1.30 l@4. This gives a theoretical intensity enhancement of 100. The accuracy of the enhancement factor is related to several parameters of the film, such as the errors in the thicknesses of the layers and the amount of scatter from surface roughness.
A schematic of the apparatus used to examine the characteristics of the film is shown in Fig. 2 . The coated window was attached to the hypotenuse of a fused silica right-angle prism with index-matching fluid to couple the light into the film. To test the film, we performed ellipticity measurements on 785-nm laser light that was linearly polarized at 45°t o the z axis and reflected from the prism. The ellipticity was determined by measuring the maximum and minimum intensities of light transmitted through a rotatable polarizer. These measurements as a function of incident angle are shown in Fig. 31a2 . The solid curve was obtained by solving the thin-film equations similar to Eq. 112 but generalized to arbitrary incident angles, polarizations, and film thicknesses. A least-squares optimization of the film thicknesses produced the following results: Fig. 1 . Dielectric structure for enhancement of evanescent-wave intensities. The layers labeled H indicate the high-index 1n 5 2.32 TiO 2 layers, and the layers labeled L indicate the low-index 1n 5 1.4542 SiO 2 layers. The laser light is incident on the film structure from the substrate at an angle u s . An evanescent wave is produced from TIR at the vacuum interface; the structure is designed to maximize the intensity of the evanescent wave. Fig. 2 . Schematic of the apparatus used for measuring ellipticity and attenuation of a light wave by the film structure.
high-index layers 5 0.94 l@4, low-index layers 5 1.04 l@4, and a final low-index layer 5 1.38 l@4. All these parameters are within the design tolerances specified by the coating laboratory.
The ellipticity can alternatively be expressed in terms of the relative phase shift between the TE and TM polarizations f and the polarization angle u of the light as R 5 1cos 2 2u 1 sin 2 2u cos 2 f2 1@2 . In addition we can measure f, and we can write u in terms of the transmission coefficients of the polarization components for the film. Manipulation of these expressions permits us to extract the relative phase shift information from the ellipticity data. Figure  31b2 shows the same ellipticity data in terms of this relative phase shift on TIR. The phase shift shows the behavior of the film with the uninteresting effects of the coupling prism removed.
From our optimization we find an enhancement factor of 77 6 17. The primary contributions to the uncertainty in this value are from the thicknesses of the high-index layers as well as uncertainty in the index of refraction of the TiO 2 . The index of refraction of a particular material is often slightly different after deposition compared with the original material from the introduction of impurities and the disruption of the crystal structure. In future coatings we can reduce the uncertainty in the enhancement factor with tighter tolerances for the thicknesses as well as having the index of refraction of the various layers measured during the deposition process.
Discussion
A useful figure of merit for such a coating structure is the transmission of the film T multiplied by the full width at half-maximum of the resonance Du. The figure of merit increases in general for the increasing design angle but decreases as the design angle approaches the critical angle. The design angle for this coating was chosen so that the figure of merit was maximized, allowing for a large enhancement factor as well as a reasonable angular acceptance for the resonance. Our figure of merit is 75, which is comparable with that of Kaiser et al. 7 An important issue is scattering from film surfaces. In atom optics experiments, for example, such scattering can cause excitation and thereby heating of the atoms at distances far from the substrate. Because the evanescent-wave intensity is enhanced in our film, the scattering is enhanced as well. Thus high-quality films that minimize this scatter are desirable. The increase in scatter is readily observed with an IR viewer when the prism is angle tuned through resonance. The amount of scattering can be quantitatively determined by measuring the reflectivity of TE-polarized light as a function of angle. We find a 1.5% reduction of the reflected light when the angle is tuned on resonance. To compare with theory, we simulate the effect of scattering by introducing modified Fresnel coefficients in the matrix formalism for the last layer. 11 Such a treatment has been used previously in multilayer semiconductor systems, for example. 12 By including scattering in our matrix method, we predict that an rms surface roughness of 0.5 nm would reproduce the observed 1.5% loss, in good agreement with the experimentally measured rms roughness of 0.34 nm.
Our film has an unusual property that should reduce scattering losses compared with, for example, the design of Kaiser et al. This comes about because the intensity vanishes at the interface between the second-to-last and the last layers, as shown in Fig. 4 . Because the scattering comes primarily from surface roughness, for a given roughness and evanescent-wave intensity the scattering from this film should be less than that in Ref. 7 .
The enhancement factor for our film can be increased by including additional pairs of quarterwave layers or by increasing the design angle for future films, thereby changing the thickness of the final layer. The increase in enhancement, however, is limited in principle by the scattering in the film. Because the intensity is largest at the last surface, Fig. 3 . Polarization measurements made as a function of the incident angle on linearly polarized light reflected from the dielectric structure: 1a2 ellipsometry measurements; 1b2 phase difference between TE and TM light shift deduced from 1a2 by removing the effects of the coupling prism. we included surface roughness only for that surface in our analysis. Using a 0.5-nm surface roughness, we find that the enhancement has a maximum possible value of ,13,000. Such a film would be difficult to couple into because of a narrow acceptance angle of 0.0009°. Thus in practice the surface scattering is not the parameter that limits the enhancement factor. Instead, as the enhancement factor increases, the diffraction-limited divergence of the laser limits the evanescent-wave intensity. The scatter is still important, however, because it attenuates the laser beam. As mentioned above, such scatter is particularly undesirable for atom optics experiments.
Another interesting aspect of our coating is that, if the enhanced TIR occurs in a gas of index n a instead of vacuum, the phase shift µ of the TE-polarized light is highly sensitive to the index of refraction of the gas. Because the TM phase shift hardly changes, the relative phase shift between the two polarizations is also sensitive to changes in the index. Near resonance, the sensitivity can be shown to be For our film the value of T@2Y s b 5 336. This value can be increased further with films designed for small b. Still, even with our film that was not optimized for phase sensitivity, it was easy to observe index fluctuations in the air at resonance. A film can also be made with an even number 2M of layers. In this case the transmission is maximized for tan f 5 b@Y H , and the enhancement factor is given by
.
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This film has a higher intrinsic figure of merit, because it tends to give broader angular widths for a given value of T. It has the disadvantage, however, of increased scatter because the intensity is nonzero at the next-to-last interface.
Conclusion
We have demonstrated a new multilayer thin-film design for enhancement of evanescent waves at TIR. This film should be attractive for use in a variety of experiments.
